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S M4MARY

Surface-enhanced Raman scatterinq (SERS) is a prcoess in

which the Raman scattering cross section of molecules adsorbed

onto the surfaces of metals such as silver, copper, and gold is

increased by as much as six orders of magnitude. However, the

enhancement is short-range and is restricted to the first few

layers of molecules adjacent to the surface. As a result, SERS

can be used to characterize adsorption of organic compounds onto

metals and can be used for non-destructive characterization of

interfaces between polymer films and metal substrates as lung as

the polymer films are not so thick that normal Raman zcattering

from the bulk of the film is more intense than SERS from thno

interface. SERS spectra were obtained from bilayers prepared by

spin-coating thin films of polymers such as polystyrene onto

silver island films and then overcoating them with much thicker

films of a second polymer such as polystyrene sulfonace. The

spectra were characteristic of the films adjacent to the silver

and not the overlayers as long as the thickness of the films

adjacent to the substrate was more than about 100 A in thickness.

SERS spectra obtained from thick films of an acrylic adhesive

sin-coated onto silver were identical to normal Raman spectra of

salts of saccharin, a component of the cure system, and to SERS

spectra of saccharin, indicating that saccharin segregated Lo the

adhesive/substrate interface and adsorbed onto the substrate by

dissociation.



I. Introduction

Surface-enhanced Raman scattering (SERS) is a phenomenon in

which the Raman scattering cross section of molecules adsorbed

onto the roughened surfaces of certain metals is enhanced by as

much as 06 compared to the cross section for normal Raman

scattering. Although many theories of SERS have been reported,

it now appears that two mechanisms are responsible for most of

the enhancement (1). One mechanism is associated with the large

electric fields that can exist at the surfaces of metal particles

with smeli radii of curvature and is only obtained for metals for

which the complex part of the dielectric constant is small (1).

The other mecha~ism is related to distcrtions of the

polarizability of the adsorbed molecules by formation of chari

transfer corplexes with the metal surface [1]. Charge transfer

complexes are associated with sites of atomic scale roughness on

the surface [2]. As a result, enhancement due to the charge-

transfer mechanism is restricted to the molecules immediately

adjacent to the substrate but enhancement due to electromagnetic

mechanisms may extend a few molecular layers away from the metal

surface. The important features of SERS are that the enhancement

is very large and short range.

SERS was first reported for pyridine adsorbed onto silver

electrodes [3]. Since then, SERS has been observed from a large

number of other small molecules including benzoic acid [4, 5],

terephthalic acid [6], p-nitrobenzoic acid [7-9], and p-

aminobenzoic acid [10-12]. SERS has been reported from metals

such as copper [13, 14] and gold [13] in addition to silver and
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in a number of configurations such as island films [15] and sols

[16] in addition to electrochemical cells. An excellent summary

of the work done in this field prior to 1982 has been presented

[17].

Considerably less attenition has neen paid to SERS of

polymers, at least in part because of the rapid oxidative

degradation that is frequently observed for thin polymer films on

metals during intense laser irradiation. Recently, hcwever, we

have shown that the degr.adation of polymers auring SERS

experiments can be controlled by increasing the thickness of the

polymer films [18] or by overcoating the films with thicker films

of a second polymer which restrict the supply of oxygen at the

metal surface [19].

During the course of that work, it was determined that the

normal Raman scattering by the bulk of a polymoer film a few

hundred angstroms in thickness is considerably less intense than

the SERS from a film only a few tens of angstroms in thickness

deposited on a SERS-active substrate [19]. As a result, SEDS has

emerged as a powerful new technique for non-destructive

determination ot the molecular structure of interfaces between

polymers and SERS-active metal substrates. The primary purpose

of this paper is to describe results that we have obtained using

SERS to determine the molecular structure of interphases between

bimolecular polymer layers deposited on silver substrates and

between model adhesive systems and silver.
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II. Experimental

Substrates for SERS were prepared by -low thermal

evaporation of silver island films onto glass slides. In some

cases, the slides were cleaned by immersion in a mixture of

chromic and sulfuric acids for an hour, rinsed, and dried in

nitrogen. In other cases, slides were cleaned by immersion in

NaOH solutions for one hour, removed, rinscod in di!Lue

hydrochloric acid solutions, and blown dry in a stream of

nitrogen. Silver was evaporated onto the slides at a rate of

about 1 A per second to a final thickness of about 45 A in a

vacuum chamber equipped with sorption, sublimation, and ion puns

and a quartz crystal oscillator thickness monitor.

Polymers such as polystyrene, polystyrene sulfonate, poly

(4-rinylpyridine), and poly (a-methylstyrene) were obtained from

Aldrich Chemical Company. Diglycidyl ether of bisphenol-A (DER-

332) was obtained from Dow Chemical Company. Low molecular

weight compounds such as benzoic acid, sodium benzoate, and the

sodium salt of o-benzoic sulfimide (saccharin) were also obtained

from Aldrich. A model acrylic adhesive system consisting of the

monomer triethyleneglycol dimethacrylate (TRIEGMA) and a curing

system containing saccharin (BS), acetylpienylhydrazine (APH),

and cumene hydroperoxide (CHP) was obtained from Loctite

Corporation. All materials were used as-received.

Thin films of the adhesive, polymers, or low molecular

weight compounds were deposited on silver island films by spin

coating from dilute solutions. In a few cases, films were spun

onto silver island films from the undiluted adhesive.

4



SERS spectra were obtained using a spect. fleter equipped

with a Spex 1401 double monochromator, ITT FW-130 photomultiplier

tube, Harshaw photon counting electronics, and a Spectra-Physics

Model 165 argon-ion laser. The slits of the monochromator were

set for a spectral resolution of 10 cm - 1.  The laser beam was

incident on the SERS samples at an angle of 650 relative to the

normal to the sample surface and was polarized perpendicular to

the plane of incidence. Scattered light was collected by an

f/0.95 lens and focussed onto the entrance slit of the

monochromator. Spectra were obtained using the 5145 A line of

the laser, a scan rate of 50 cm- /min, and time constant of 10

sec.

Normal Raman spectra were obtained using the same instrument

and techniques that have been described previously [201. The

laser beam was focussed onto a small amount of liquid or powdered

sample supported in a capillary tube and the scattered light was

collected as described above. However, in this case the spectral

slit width was about 2 cm-1 .

Ill. Results and Discussion

A. SERS from polymer bilayers deposited on silver

As indicated previously, relatively few investigations of

SERS by polymers have been reported. The reasons are at least

partly related to catalysis effects by the substrates. When thin

films of many polymers are deposited onto silver island films and

exposed to intense laser irradiation during SERS experiments, an

oxidative degradation reaction occurs resulting in the formation
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of graphite-like spotes aiid the appe rancC r-oz Itro L', b ;u,,i

bands near 1600 and 1400 crm -  [18, 1.9, 21].

For example, when ,, e n psoetlstyrene)o

coatecd onto silver islands and then irradiated at differ-ent lase-

powers, the SERS spectra shown in F'igure 1 were obtain-1. Thei fLn

the laser cower was low, the Raman lines ro. Tv

methylstyrene) near 1040 and ).u±0 c:- i were 'ak cs , WI

lines due to graphitic species noar 1600 and I. tU

power was increased, the int"nsity of the 10-u. ..

1010 cm - I increased but tha t of the l-ines sear .]0, a-... r, '.

increased faster.

The oxidation of nolyomers During SKRS r''>.......ss --

radical process ana can n' o inhibited h b olendir.,

of an oxidation inhibitor such as 4-methyl-',-.-octt-uutv

phenol with the polyrer before t is sun onto th' S. tr..

13 However, the oxidation can also e ' ': sims>;

increasing the thickness of tle rpol yer fi.

SERS spectra shown in Figure 2 were obtained 1rc' iim c lv

(a-.net iIstyrene) that were spun onto sii vr s v( f a Is ...S fr.m

solutions having different concentrations. T h-e hands near 1 0 0

and 1400 cm- 1 were weakest for films soun fro the most

concentrated solutions, indicating that those films underwent h

least oxidation. It was concluded that thicker loins inhibicei

oxidatiun by excluding oxygen frcm the surf-ice of the substrate.

It is interesting to note that the intensity of the Raman

lines of poly (a-methylstyrene) near 1040 alid 101C cn 1  is

approximately the same for all the spectra shown in Fiqure 2 even
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though the sam-lc filIMS differed in thcns vaprxmti n

crier of maqnitude. Lhi deostae t LtteRmnzca

ob"servedl in these exoerjinents is indeopcndent of hotcnesot

the samcle fil-ms and is a characteristic of h4OTt:C f~f

it nw. also be concluded that ST:IS can re c-c as zE- non-

deistructive technique to determ-,ine the stru-cture o cye/es

interfaces.

Thjt strong Ra-m-an lines observed neai. 940 and4 6-10 C,

ooita honin Figure- are due toslieSPnecire- and are

antfatsof the sample pro2paratlon prcss As dSO

asometimes prepare sarssles !7- evaporating silve-r 11'

cisno c ,lass slides that have bee-n cleaneid in a mxuec hoi

sulfuric acids-. 'However, it is difficult to remove.i, Il L,

nsufaeion-s from the colass surface bNy rinsinci,. Siesul fa tor

Iosare adsorbed a onto the sivrand re-duced to su i4 u- n

~'~ ~ shwnin F-I qure 2 ind'icate that theV~~ sisneIL-

- r.....e rr ntson foymr iims oric-rinates :mostl' from th

- snd.os i nde t of Lhe thickness of the polymrer

-2 therefore ccnsidered that th"e SEES signal from

v e s pcra,-d by soinring ai thin film of one polymer onto a

~ 'lar.d iloand thr-n overcoating it with a second film of

j~ert polymer would consist mostly of scattering from the

fi s f4l.1"

he -EES spectra shown in F'igure 3 were obtained from

~ rpre-pared- by spinning thin filmis of polystyrene onto

S', -,r island films from acetocne solution- and then overccatiLng



them with much thicker fil.sis of pouys' yr- j e. r, ( ,'.'; ne

from aqueous solutions [19] . ands near 10.0 a

characteristic of pol.ystrene while- a .nn r

characteristic of polystyrene sulfonatf-.o'. i-.

shown in Figure 3, it is evident that thie ba c.-,..

polystyrene (1040 and 1010 cm- 1) and polystyrene :7;u ,; t,

cm- ] were observed when the poclystyrene films ,.;r -.

most dilute solutions. However, only th, ::-ns.

1010 cm- I that -,;ere characteristic of po] yrt:zr<o ,..r,, .

when polystyrene films were spun from th, :o:: -

solutions.

Similar results were obtaJ-ined for o r : J r ,:v-:.

spectra obtained from bilavers prepared by v. nni.n, t.

poly (4-vinvlpyridine) (vvK) onto silver island tI

solutions in ethanol and then overcoat-ing thom with

of polystyrene sulfonate spun from aqueous soint ion-

Figure 4 [19]. Bands characteristic of pa;': (4-

were observed in all the spectra. 7C)wevcri c- -

characteristic of polyLtyrene sulfonate near 1140-

observed when the PVP films were spun from the sobuticn:- ;.:a

the lowest concentrations.

Another example is shown in Figure 5 for thin f ii:s os -,

diglycidyl ether of bisphenol-A (DGEBA) spun onto oer I lans

fron solutions in acetone and then overcoated with In- o'

spun from aqueous solutions [19]. Raman spectra of D,-P. ar'

characterized by bands near 1.120 and 840 cm- I1 while, a,:s rno:a,.-

above, spectra of PSS are characterized by bands near- !140 and
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820 cm- I .  Reference to Figure 5 indicates that the Raman lines

of the PSS overlayer were observed only when the DGEBA films were

spun from the most dilute solutions. When DGEBA films were spun

from more concentrated solutions, only the Raman lines near 1120

and 840 cm -1 that were characteris'tic of DGEBA were observed.

The results presented in Figures 3-5 confirm another

important characteristic of SERS from polymers. The observed

Raman signal is characteristic of the molecules adjacent to the

surface and not of the bulk films. This indicates that SERS can

be used for the non-destructive characterization of polymer/metal

interfaces without interference from normal Raman scattering by

the bulk of the polymer.

B. SERS from a model acrylic adhesive system deposited on silver

In order to test the application of SERS to the analysis of

polymer/metal interfaces, we next considered the model anaerobic

acrylic adhesive consisting of the monomer TRIEGMA and a redox

cure system composed of APH, saccharin or BS, and CHP [22]. This

adhesive is known to cure rapidly in the absence of oxygen and in

the presence of certain metals such as copper and iron. However,

cure in the presence of other metals such as aluminum and zinc is

much slower. We were interested in determining how the cure rate

was related to the interfacial chemistry.

Films were spun onto silver island films from the neat

adhesive and from 1% and 5% solutions of the adhesive in acetone.

The SERS spectra obtained from the films are shown in Figure 6.

There are several interesting aspects to these spectra. First,

the spectra all havu approximately the same intensity even though
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the films from which they were obtained had much different

thicknesses. This indicates once again that the SERS signal

observed from relatively thick polymer films is characteristic of

the interface and not of the bulk films. Moreover, the SERS

spectra observed for the acrylic adhesive have little resemblance

to normal Raman spectra of the monomer. Instead, they are

similar to SERS spectra of saccharin (see Figure 7).

Normal Raman spectra of saccharin are characterized by an

intense band near 1720 cm -1 that is assigned to the stretching

mode of the carbonyl group. However, the band near 1720 cm-1 is

not observed in normal Raman spectra of salts.

SERS spectra of saccharin and of the adhesive are

essentially identical to normal Raman spectra of the saccharin

salt. This indicates that saccharin in the adhesive segregates

to the interface and adsorbs by dissociation to form a salt.

The SERS spectra shown in Figure 8 were obtained when

saccharin was replaced in the adhesive with benzoic acid and the

adhesive was spun onto a silver island film from a 1% solution in

acetone. These spectra are virtually identical to SERS spect-a

of benzoic acid, indicating again that acidic compounds from tl

adhesive preferentially adsorb onto the metal substrate b

dissociation to form metal salts.

Results that we have obtained from x-ray photoelectron

spectroscopy (XPS) confirm that saccharin segregates to the

interface and forms salts during curing [23]. Salt formation is

also observed when saccharin is simply spin coated onto polished

metal substrates from dilute solutions in acetone [23]. The

10



metal ions in the salts of copper and iron may accelerate

polymerization of the monomer by undergoing cxidation while CHP

is reduced to form radical anions which initiate polymerization.

M + -> M+(n+ l) + e- ()

CH 3  CH 3

APH may accelerate the cure by breaking down at the metal

surface to form radicals which also initiate polymerization. APH

may also oxidize while metal ions are reduced to their original

M+ (n +l) + e- -> M+n (3)

valence state, thus enabling reaction (2) to be repeated.

However, more work will be required in order to elucidate this

and other aspects of the polymerization of the acrylic adhesive.

IV. Conclusions

In surface-enhanced Raman scattering, the Raman scattering

cross section of molecules adsorbed at the surfaces of metals

such as silver, gold, and copper is increased by up to 106.

However, the enhancement is confined to the first few adsorbed

layers. SERS can, therefore, be used for the non-destructive

characterization of interfaces between polymer films and metals

as long as the thickness of the polymer films is not so great

that normal Raman scattering by the bulk films is comparable in

intensity to the SERS from the interface. The thickness of

polymer film at which that happens depends on the Raman cross

section of the polymer and we have not carried out careful
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determinations. However, present results indicate that films as

thick as about 1,000 A can be examined.

The use of SERS for determining the structure of

polymer/metal interfaces has been demonstrated using bilayers.

When thin films of polymers such as poly (a-methylstyrene) were

spun onto silver islands and overcoated with thick films of

polymers such as polystyrene sulfonate, the observed SERS was

characteristic of the first film rather than the overlayer.

SERS spectra obtained from an acrylic anaerobic adhesive

system cured against silver were similar to normal Raman spectra

of salts of acidic components of the cure system such as o-

benzoic sulfimide (saccharin) and benzoic acid. These results

indicated that the acids segregated to the interface and adsorbed

dissociatively. The metal ions in the salts are thought to have

an important role in the redox cure of the adhesive.
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Figure 1. SERS spectra obtained from poiy (a-methylstyrene)
films spin-coated onto silver island films from 1%0
MEK solutions. The laser power was (A)-10, (B)- 25,
(C)-50, and (D)-100 mW. Reprinted with permission
from reference 18.
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Figure 2. SERS spectra obtained from poly (a-methylstyrene)
films spun onto silver island films from MEK solutions
having concentrations of (A)-0.5, (B)-1.0, (C)-2.0,
and (D)-5%. The laser power was 100 mWq in all cases.
Reprinted with permission from reference 18.
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Figure 3. Surface-enhanced Raman spectra obtained from

polystyrene films spin-coated onto silver island films
from (B)-0.025%, (C)-0.05%, and (D)-0.10 solutions in
MEK and overcoated with polystyrene sulfonate films
spun from 2% aqueous solutions. The sample used to
obtain spectrum A was similar to that used for B but
without the overlayer. Reprinted with permission from
reference 19.
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Figure 4. Surface-enhanced Raman spectra obtained from poly (4-
vinyl pyridine) films spin-coated onto silver island
films from (A)-0.0125%, (B)-0.0250, (C)-0.0b%, and
(D)-0.1% solutions in MEK and overcoated with
polystyrene sulfonate spun from 0.75% aqueous
solutions. Reprinted with permission from reference
19.
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Figure 5. Surface-enhanced Raman spectra obtained from DGcEBA
films spin-coated onto silver island films from (B)-
0.01%, (C)-0.05%, and (D)-0.1% solutions in NEK and
overcoated with polystyrene sulfonate films spun fror
2% aqueous solutions. The sample used to obtain
spectrum A was similar to that used for B but without
the overlayer. Reprinted with permission from
reference 19.
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Figure 6. SERS spectra obtained when acrylic adhesive was spin-
coated onto silver island films from (A) - 1% and (B)
- 5% solutions in acetone and (C) - from the bulk.
The laser power was 100 mW in all cases. Reprinted
with permission from reference from reference 22.
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Figure 7. SERS spectra from saccharin spin-coated onto a silver
island film from a 0.1% acetone silution. The laser
power was 100 mW. Reprinted with permission from
reference 22.
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a silv2r island film and allo:,od tc cure.
power was 100 noW. Reprinted with pors.,LS:: cn -
reference 22.
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